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to intrinsic inputs did not. The differences between these two
The cellular and synaptic bases of LMAN auditory selecinputs suggest that intrinsic circuitry plays an important role in tivity are unknown. This selectivity likely reflects processing transforming DLM input patterns into the appropriate LMAN output patterns, as has been suggested for mammalian thalamo-both within LMAN circuitry, and in upstream nuclei, which cortical networks. Moreover, in LMAN, such interactions may also show song selectivity (Doupe 1997; Doupe and Konishi contribute to the profound temporal and spectral selectivity that 1991; Lewicki and Arthur 1996; Margoliash 1983 Margoliash , 1986  these neurons will acquire during learning. Margoliash and Fortune 1992; Solis and Doupe 1997; Volman 1996) . Although LMAN circuitry has been little studied, the nucleus is known to express the inhibitory neuro-
transmitter g-aminobutyric acid (GABA) (Grisham and Arnold 1994) Sakaguchi and Saito 1991; Soha et al. 1996) , to send learning: electrolytic or pharmacological disruptions of a glutamatergic projection to RA by day 12-15 posthatch LMAN in juvenile birds during sensory learning or early Mooney 1992 ; Mooney and Rao sensorimotor learning prevent normal song development, 1994; Nordeen et al. 1992) , and to express very high levels whereas similar disruptions in adult birds do not affect normal song production ( Fig. 1) (Basham et al. 1996; Bottjer of N-methyl-D-aspartate (NMDA) receptors (NMDARs) inputs were found to have an apparently greater NMDARmediated component than responses to DLM inputs. Moreover, the temporal properties of responses to the two pathways differed: both exhibited temporal summation in response to paired-pulse (P-P) stimulation, but only responses to DLM inputs demonstrated consistent paired-pulse depression (PPD). These data thus begin to resolve LMAN circuitry as well as point to possible mechanisms and sites of the temporal information processing and experience-dependent plasticity characteristic of this nucleus. Some preliminary results of this study have been presented previously in abstract form (Boettiger and Doupe 1996) . All experiments were conducted with 18-to 25-day-old zebra Juveniles learn their song in two overlapping phases: sensory phase, during finches reared in our breeding colony (mean age: 21.5 days). Because which the bird memorizes the tutor song, begins sometime after birth, of the uncertainty of noninvasive sex determination at this age, slices perhaps Ç10 days (Arnold 1975) , and ends at Ç60 days. Sensorimotor were prepared from both males and females (females: n Å 16/50 phase, when the bird sings and matches its song to the memorized tutor animals; n Å 36/113 cells from females). Data from males and song, starts at Ç30 days and ends in early adulthood (¢90 days). Dendritic females were considered together as there was no statistical difference regression and decline of N-methyl-D-aspartate receptor (NMDAR) expresin their intrinsic properties, pharmacological sensitivity, or paired sion occur in the lateral portion of the magnocellular nucleus of the anterior pulse ratios (Student's unpaired t-test, two-tailed, P ú 0.05 for all neostriatum (LMAN) of male birds from Ç30 days to adulthood. LMAN comparisons). The lack of sexual dimorphism in cellular and synaptic lesions dramatically disrupt normal song development until Ç60-65 days of age. Male and female LMAN appear very similar until days 30-40, properties is not surprising given that many anatomic studies have when the female system begins to atrophy.
M E T H O D S

Slice preparation
found no difference between male and female LMAN at this stage (Bottjer et al. 1985; Mooney and Rao 1994; Nordeen et al. 1987 Nordeen et al. , 1992 , and that the animals used here were well within the window early in development (Aamodt et al. 1992) . One functional for masculinization of the female song system with estradiol (Konishi site of these NMDARs recently was demonstrated to be and Akutagawa 1988). Furthermore, other physiological studies in the DLM afferent synapses onto LMAN projection neurons zebra finches aged õ25 days also have reported no differences between males and females (Mooney 1992; Mooney and Rao 1994) . (Livingston and Mooney 1997) . From Ç25 to 35 days to Techniques are similar to those described by Mooney and Konishi adulthood, as development and song learning proceed, the (1991) . Birds were anesthetized deeply with methoxyflurane (Metolevel of NMDARs in LMAN declines, LMAN neurons show fane; Pitman-Moore, Mundelein, IL) and rapidly decapitated. The dendritic regression and the LMAN projection to RA parskull was removed, and the brain was blocked in situ and rapidly tially retracts ( Fig. 1) (Aamodt et al. 1992 ; Herrmann and placed in ice-cold oxygenated artificial cerebrospinal fluid (ACSF). Arnold 1991; Nixdorf-Bergweiler et al. 1995b) . Early in The blocking angle was varied initially to determine the angle that song system development and sensory learning, zebra finch produced slices with maximally complete DLM afferents and ade-LMAN shows little sexual dimorphism in morphology, neu-quate LMAN outflow fibers. The best angle resulted from angling ronal number, or in its connections with other song nuclei the blocking blade Ç30-45Њ lateral to the sagittal plane in both the (Bottjer et al. 1985; Nordeen et al. 1987 Nordeen et al. , 1992 . A marked dorsal-ventral and rostral-caudal dimensions. The cut, lateral surface of the brain was glued to a plastic stage with cyanoacrylate glue divergence between the song systems of males and females (Krazy-glue) , and 400 mm slices were cut on a VibroSlice (Stoelting, begins at around the onset of sensorimotor learning (Fig. 1 deen et al. 1987, 1992) . Less is known about the LMAN of ature until time of use. After a recovery period of ú1 h, individual adult females, but it has been shown to express less tyrosine slices were submerged in the recording chamber and superfused with hydroxylase, somatostatin, and calcitonin gene-related pep-ACSF at a flow rate of Ç2 ml/min. Experiments were done at room tide than male LMAN (Bottjer 1993; Bottjer et al. 1997 ).
temperature. The normal bathing solution contained the following (in To begin to understand the circuitry of LMAN at the mM): 134 NaCl, 3 KCl, 1.3 NaH 2 PO 4 , 1.3 MgSO 4 , 2.4 CaCl 2 , 25.7 crucial early stage of learning, we developed an in vitro slice NaHCO 3 , and 12 dextrose. The solution was saturated continuously with a gas mixture of 95% O 2 -5% CO 2 , which maintained a pH of preparation of the zebra finch anterior forebrain (Fig. 2 parasagittal view of the zebra finch brain shows the descending motor pathway (hatched area), which includes HVc, the robust nucleus of the archistriatum (RA), and the tracheosyringeal portion of the hypoglossal nucleus (nXIIts). The anterior forebrain pathway (black area), required during song learning, consists of Area X, the medial portion of the dorsolateral thalamus (DLM), and the LMAN. Field L complex (L; gray), the forebrain primary auditory area, is the source of auditory input to the song system. B: slices were cut oblique to the parasagittal plane to include a maximal intact length of both LMAN and DLM axons (see METHODS for details). From the ventral midline, DLM axons course rostrolaterally traveling through Area X to enter LMAN ventrally. To stimulate these axons without antidromically activating LMAN axons projecting to Area X, the DLM stimulating electrode was placed below Area X. A second stimulating electrode was placed in the axons leaving LMAN dorsocaudally to activate recurrent axon collaterals. C: a dark field micrograph of a slice used in this study (from a 22 day-old male) illustrating the location of LMAN (hollow arrowheads) and Area X, as well as DLM fibers traveling up to LMAN (filled arrowheads) and the fiber tract containing axons of projection neurons (white arrowheads), leaving LMAN and joining the lamina hyperstriatica.
was transilluminated and LMAN was visualized with a dissecting synaptic property experiments, low-intensity current (0100 pA for most experiments) was injected periodically throughout the course microscope (Nikon). Penetrations were made ''blind'' within the visible borders of the nucleus (see Fig. 2 , B and C). A penetration of the experiment to monitor the cell's input resistance. After the end of experiments, slices were fixed by immersion in 4% parawas maintained when a cell met the following criteria: resting membrane potential (V m )°050 mV, input resistance (R i ) ¢ 20 formaldehyde at 4ЊC. Subsequently, slices were rinsed three times with 0.025 M phosphate buffer (PB), and incubated for 1 h in MV, threshold current to elicit an action potential õ 1 nA, and action potentials overshot 0 mV. One bipolar stainless steel stimu-Cy3-conjugated streptavidin (1.5 mg/ml; Jackson ImmunoResearch Laboratories, West Grove, PA) in 0.025 M PB with 0.3% lating electrode (FHC, Brunswick, ME) was placed in the loose bundle of axons exiting LMAN dorsocaudally and another was Triton X-100. After the reaction, slices again were rinsed three times in PB, then mounted in 90% glycerol/10% 0.025 M PB, placed in the bundles of fibers in the ventral forebrain, which include DLM axons entering LMAN ventrally (Fig. 2 , B and C). coverslipped and sealed. In most experiments, the DLM pathway stimulating electrode was placed in the ventral-most forebrain, always several hundred mi-Confocal microscopy crometers below Area X, to avoid antidromic stimulation of LMAN Fluorescence was viewed with an MRC-600 laser scanning conaxonal collaterals projecting to Area X. In some cases, however, focal imaging system (Bio-Rad, Hercules, CA) equipped with a it was possible to place the electrode even farther from Area X, filter optimized for imaging Cy3 fluorescence. The soma diameter in the thalamic fiber bundle just as it exited DLM. A few cells of each cell was measured from a confocal image using the interalso are included from early experiments, when the DLM pathway active scale bar in Bio-Rad's COMOS software. Because of shrinkstimulating electrode was placed between LMAN and Area X (n Å age caused by fixation, the soma diameters given here underesti-3/20 cells used for pharmacology). Input pathways were activated mate the true diameter. Each cell's primary dendrite number also using monopolar current pulses (100 msec duration), and neuronal was counted from confocal images. recordings were made with an Axoclamp-2B amplifier (Axon Instruments, Foster City, CA) in ''bridge'' mode and filtered at 3 kHz. Data was digitized at 10 kHz and analyzed off-line using Synaptic properties the DataWave Experimenter's Workbench hardware and software
To examine monosynaptic responses, we selected for pharmacopackage (DataWave Technologies, Longmont, CO).
logical and temporal analysis those excitatory postsynaptic potentials (EPSPs) that showed a fixed latency with increasing current
Histological methods
intensity and a stable amplitude in response to stimulation at 1 Hz. The current intensity was set for each stimulating electrode to Cells were filled with Biocytin by injection of low-intensity current during the course of both intrinsic (see description of cur-minimize response failures as well as polysynaptic EPSPs and inhibitory postsynaptic potentials (IPSPs). rent injection protocol) and synaptic property experiments. During ple t-tests (two-tailed). To determine whether P-P ratios were Data analysis significantly different from 1, one-sample t-tests with a hypotheEach cell's R i and membrane time constant (t) were estimated sized mean of 1.0 were used. from responses to 510-590 ms, 0100 pA current injections. ReError values given are SEs, with exceptions as noted. sponses to this magnitude of current fell within the linear response range of the neurons. Single exponential curves were fit to the R E S U L T S charging phase of single voltage traces using the Origin software package's nonlinear curve fit tool with x 2 error minimization (Mi-Intrinsic properties crocal Software, Northampton, MA). Current-voltage relationships were determined by injecting subthreshold current steps at a range Intrinsic property data were collected from 113 neurons of intensities. The range varied for different cells, but in all cases from 50 animals. Cells in this sample had an average resting was between 01 nA and /1 nA. For each cell, the series of intensi-potential of 065.2 { 7.5 (SD) mV; n Å 113), an average ties was repeated five times and means { SD were calculated input resistance of 130.1 { 52.9 MV (n Å 112), and an (example shown in Fig. 3 ). To examine firing properties, supraaverage time constant of 40.6 { 17.5 ms (n Å 112). One threshold current pulses also were delivered over a range of intensihundred-six of these neurons were classified according to ties (°1 nA). For each current level, mean firing rate was calculated by dividing the total number of spikes by the duration of the their firing behavior in response to suprathreshold current pulse. Plots of mean rate versus current intensity were fit with a steps. Intrinsic property data for each class are given in straight line. Table 1 . All classes displayed characteristics of immature In the synaptic property experiments, responses were monitored mammalian neurons; that is, less hyperpolarized resting poon-line, but for analysis purposes EPSP initial slopes and peak tentials than those of adult neurons, high-input resistances, amplitudes were measured off-line using the DataWave Common long membrane time constants, and linear current-voltage Processing Analysis software package (DataWave Technologies). relationships over a broad range of applied current intensiSlope and peak amplitude values were measured for each individual ties.
EPSP. Responses during each drug condition were compared with the mean value from a 10-min predrug baseline period. In the P-P experiments, we made slope and peak amplitude measurements Linearity of subthreshold current-voltage relationships for the responses to both pulses and separately calculated (EPSP Intracellular injections of subthreshold current pulses re-2)/(EPSP 1) in terms of peak amplitude and slope for each cell.
These are referred to collectively as P-P ratios and individually as vealed the markedly linear current-voltage relationships of peak ratios and slope ratios. P-P ratios were calculated for 10 juvenile LMAN neurons. A series of hyperpolarizing and consecutive trials at each of three interstimulus intervals (ISI; 50, depolarizing pulses was repeated five times for each cell, 100, and 200 ms), and from these the mean P-P ratio was computed and the mean voltage change for each current intensity was for each interval. To examine the second pulse responses without measured. Responses of a cell illustrating typical linearity the contribution of residual voltage from the first pulse response are shown in Fig. 3 . To determine R i and t, curves were found in many of the traces, a second ''subtracted'' ratio was fit to the membrane responses to 0100 pA injections (see calculated for each cell. To generate the subtracted ratio, first, the METHODS ; Table 1 ). At the offset of hyperpolarizing current same 10 consecutive traces for each ISI were averaged and the injections, most cells exhibited rebound depolarization, often slope and peak amplitude of the first EPSP were measured. Then, reaching suprathreshold levels (81% of cells, n Å 81). This in lieu of a single pulse average trace, the first pulse of the 200 ms ISI average traces was subtracted from the 50 and 100 ms ISI property was present with differing frequency across firing average traces. The purpose of this was to subtract the residual types (Table 1) .
voltage from the first EPSP from the second pulse of the 50 and 100 ms ISI traces, to determine the slope and peak amplitude of Responses to suprathreshold current injections the second EPSP without the contribution of temporal summation. Finally, the slope and peak amplitude of the subtracted second In response to prolonged suprathreshold intracellular pulses were measured, and the ratio of these values to those from current injections, cells showed one of three types of firing the first EPSP of the 50 and 100 ms ISI traces are termed the behavior. The most common ( 73%, n Å 77 ) was the adaptsubtracted P-P ratios.
ing type I ( ADI; Fig. 4 A ) , which exhibited monotonically Pre-and postdrug data were compared, for each input type, using increasing interspike intervals over the duration of the paired two-sample t-tests (two-tailed). For both pharmacology and current injection. The next most common firing type paired-pulse experiments, DLM and intrinsic pathway data (collected from the same cells) were compared using paired two-sam-( 16%, n Å 17 ) was the adapting type II ( ADII; Fig. 4 B ) For each value, the mean { SD is given, and the range of each value is given in parentheses. The three cell types differed significantly in their resting potentials (P õ 0.003) and in the minimum current required to elicit an action potential (P õ 0.00007), but not in their input resistance (P ú 0.67) or time constant (P ú 0.53) (by one-way analysis of variances). LMAN, lateral portion of the magnocellular nucleus of the anterior neostriatum; ADI, adapting type I; ADII, adapting type II; NM, nonmonotonic; AHP, after hyperpolarization.
ADII cells generated a single spike or a short-duration spikes could be elicited by LMAN efferent stimulation in cells of each firing type. adapting burst of spikes. The spike burst of ADII cells often was followed by a long, slow depolarization like
To assess how a cell's firing profile affected that cell's responses to suprathreshold current injections of increasing that shown in Fig. 4 B . The third most common firing type ( 10%, n Å 11 ) was the nonmonotonic cell ( NM; Fig. intensity , we also examined the mean firing rate versus current intensity relationships of the three major firing types. 4C ) . NM cells generated firing characterized by postburst afterdepolarization ( ADP, Fig. 4C ) , nonmonotonically The ADI and NM cells had rate/intensity relations with slopes that were significantly steeper than those of the tranmodulated interspike intervals, and minimally decreasing spike amplitude. Most cells ( 89%, n Å 96 ) exhibited after-siently responding ADII cells (Fig. 5, A and B Fig. 4 . A cell's P õ 0.0004; unpaired t-tests). firing type was not correlated with the age or sex of the bird nor with the R i of the cell. Although the firing types Morphology of cells appears uniform across classes had significantly different resting potentials ( Table 1 ) , the range of resting potentials was similar, and changing Of the cells recorded, 24 cells were filled successfully with Biocytin and visualized by confocal microscopy (see the resting potential with DC injections did not change the cell's firing type ( data not shown ) . The three types METHODS for details). Of these, 20 were ADI type, 2 were ADII type, and 2 were NM type; 19 were from males and also significantly differed in the minimum current intensity necessary to elicit an action potential, with the ADII 5 were from females. All of the cells had similar size, morphology, and spininess; an example is shown in Fig. 6 . The type showing the highest thresholds ( Table 1 ) . All firing types appear to be projection neurons, as antidromic average diameter was 25.1 { 3.1 mm, and the cells had an FIG . 4. Classification of LMAN neurons based on their intrinsic firing patterns. Each panel shows a representative spike train from a neuron in 1 of the 3 classes of firing types. A: adapting type I cell (ADI). Seventy-three percent of the cells the firing properties of which were determined (n Å 77) showed this type of monotonic decrease in firing rate during a prolonged suprathreshold current injection. Same cell is shown in Fig. 2 . B: adapting type II cell (ADII). These cells comprised 16% of the cells categorized (n Å 17). C: nonmonotonically adapting cell (NM). This cell demonstrates typical nonmonotonicity of interspike intervals, found in 10% of the cells ( n Å 11). r, characteristic postburst afterdepolarization (ADP). Current intensities were 200 pA for the ADI and ADII cells and 600 pA for the NM cell.
87.4 { 3.9%. Data for both pathways are included from 11 cells (6 from males, 5 from females), data for the intrinsic path only are included from 5 cells (3 from males, 2 from females), and data for the DLM path only are included from 4 cells (3 from males, 1 from a female). All statistical comparisons between pathways are made using only those cells with data from both pathways.
DLM afferent and LMAN intrinsic synapses are glutamatergic
To identify excitatory inputs to LMAN neurons, we stimulated both the DLM afferent fiber bundles entering the nucleus ventrally and the fiber bundle exiting LMAN dorsocaudally (Fig. 2B) . In this way, we demonstrated that LMAN cells receive excitatory inputs from both DLM afferents and intrinsic synapses. In the majority of cells from which we recorded, disynaptic IPSPs could be elicited by slightly higher intensity stimulation of either input (data not shown), providing evidence that both feedforward and feedback inhibition are present in LMAN by this early stage in development. The current intensity for each stimulation electrode was set to the minimum value that generated no response failures, which produced responses to DLM inputs that were generally of equal or greater magnitude than those of the responses to intrinsic inputs, in both peak amplitude and initial slope (amplitude: 3.5 { 0. quinoxaline-2,3-dione (CNQX; Research Biochemicals, Natick, MA). Intrinsic response peak amplitudes were reduced by an average of 85.8 { 2.2%, and their slopes were reduced average of 6.8 { 0.3 primary dendrites distributed evenly by an average of 89.8 { 2.7%. Similarly, DLM response around the cell soma. Two morphological classes of neurons, peak amplitudes were reduced by an average of 89.1 { 2.4%, large spiny and small aspiny, have been described from and their slopes were reduced by an average of 83.4 { 3.3%. Golgi studies of LMAN (Nixdorf-Bergweiler et al. 1995b) .
All the reductions were significant at the P õ 0.0003 level. The cells filled here corresponded to the large spiny class and likely represent the projection neurons for several reasons. First, the reported soma size of LMAN projection neurons is consistent with the large spiny class (Korsia and Bottjer 1989) . Second, the morphology of cells filled here was similar to that of adult male LMAN neurons retrogradely labeled from RA (Boettiger, unpublished data). Third, antidromic spikes could be elicited in many of the recorded cells when stimulating the LMAN outflow tract, as would be expected for projection neurons.
Synaptic properties
Pharmacology data were analyzed from 20 of the cells included in the intrinsic property data above (12 from males, 8 from females; n Å 16 animals). To examine monosynaptic excitatory responses that were stable over time, we selected synaptic responses that met the following criteria: they were stable during a predrug baseline period of ¢10 min, their FIG Figure 7 , A-C, shows an example of a cell with typical t 15 Å 4.9). APV also significantly reduced the DLM EPSPs, but relatively less so (13.1 { 3.5%; P õ 0.003, t 14 Å 3.7). antagonist sensitivity. This virtual elimination of both responses by APV and CNQX establishes that both pathways This difference was not attributable to differing times to peak for the two types of EPSP (intrinsic: 5.5 { 0.6 ms; are glutamatergic. DLM: 4.9 { 0.5 ms; P ú 0.3). As NMDAR-mediated responses have relatively slow kinetics, we also measured the Responses to intrinsic inputs have a relatively larger effect of APV at a later time after EPSP onset (28 ms), NMDAR-mediated component closer to the peak of the NMDAR-mediated potential. This time point is likely to include additional polysynaptic comTo assess the contribution of NMDARs to both types of ponents, despite the care taken to minimize polysynaptic LMAN responses, we measured the effect of 100 mM APV activation. At this time point, the responses of both pathways alone on the responses to both pathways. We first evaluated were again significantly reduced but still differed from one the contribution of NMDAR's to the monosynaptic compoanother: the responses to intrinsic inputs were reduced by nent of each response by measuring APV's effect on the an average of 46.2 { 4.4%, whereas the responses to DLM initial peak of the EPSP. APV reduced the amplitude of the inputs were reduced by an average of 26.7 { 3.1% (intrinsic: intrinsic EPSPs by an average of 24.9 { 3.6% (P õ 0.0002, P õ 0.0001, t 11 Å 6.7; DLM: P õ 0.0001, t 10 Å 8.0). An example of the effect of APV on both input pathways in a single cell is shown in Fig. 7 , A-C. Statistical comparisons between the APV sensitivity of both pathways, measured and compared in the same cells, confirmed that the responses to intrinsic inputs were more sensitive to APV than the responses to DLM inputs, both at the initial peak and at 28 ms after EPSP onset (Fig. 7, D and E) . This result is further strengthened by that fact that responses to intrinsic inputs tended to have slightly smaller EPSP peak amplitudes than did responses to DLM inputs. Because NMDARs are less blocked by Mg 2/ at more depolarized membrane potentials, for a given NMDAR to non-NMDAR synaptic ratio, the NMDAR contribution increases with increasing EPSP amplitude. Thus if these two inputs had similar NMDAR synaptic ratios, the NMDA component should have been more evident in the DLM EPSPS because they are larger. Our results therefore suggest that NMDARmediated currents account for a larger proportion of the responses to intrinsic inputs than of the responses to DLM inputs.
Effects of P-P stimulation
Because LMAN neurons in vivo are sensitive to the temporal patterning of auditory stimuli, we investigated the cellular responses to temporally patterned stimulation of either input. We delivered pairs of pulses to each pathway, in alternation, at 50, 100, and 200 ms intervals (interleaved at 20 s intervals) and calculated the resulting P-P ratio of both the EPSP peaks and slopes for each interval. Multi-interval P-P data were collected from 26 of the cells included in the intrinsic property study (16 from males, 10 from females; n Å 14 animals). This experiment revealed differences in the temporal dynamics of responses to these two inputs, with potential implications for the role of each pathway in FIG . 7. Pharmacology of 2 types of excitatory inputs onto LMAN neu-processing temporally patterned stimulation.
rons. A and B: representative responses to intrinsic and DLM inputs from a single neuron, demonstrating typical DL-2-amino-5-phosphonovalerate INTRINSIC PATHWAY. Responses to paired stimulation of the (APV) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) sensitivity. intrinsic pathway generated P-P peak ratios significantly Each trace is the average of 6 consecutive responses. C: time course for ú1.0 for all three intervals. Example traces are shown in the cell depicted in A and B showing antagonist effects on the excitatory Fig. 8A , and Fig. 8C shows a plot of EPSP 1 versus EPSP postsynaptic potentials (EPSPs) from both pathways, at 28 ms after EPSP onset, and subsequent recovery of both responses. Each point represents 2 for each interval for the same cell. Both figures demonthe mean of 2 successive responses. D and E: paired group data demonstrat-strate the effect of the first pulse on responses to subsequent ing greater sensitivity to APV in the intrinsic pathway at two time points. pulses; group data are shown in Fig. 9A . In contrast to the ᭺, individual cells; q, mean { SE. Mean percent reduction by APV differed peak ratios, the slope ratios for the intrinsic pathway were significantly between the 2 pathways both at the initial peak (P õ 0.05) and at 28 ms after EPSP onset ( P õ 0.01). as shown in Fig. 9B . Although, on average, the P-P slope ratios showed no significant modulation from 1.0, a minority of cells showed paired-pulse facilitation (PPF) or PPD (Table 2). The slope ratios had a weak negative correlation with first EPSP peak amplitude, significantly so at the 50 and 200 ms ISIs (R 2 Å 0.22, P õ 0.02; R 2 Å 0.15, P ú 0.05; R 2 Å 0.18, P õ 0.04; for 50, 100, and 200 ms ISIs, respectively). The fact that the intrinsic P-P slope ratios were not significantly different from 1.0, while the P-P peak ratios were, suggested that the modulation of P-P peak ratios ú1.0 was due to temporal summation of EPSPs and not PPF.
To distinguish temporal summation from PPF, we assumed that there were no voltage-activated conductances and digitally subtracted the 200 ms ISI average trace from both the 50 and 100 ms average traces. This subtraction procedure removed the portion of the second EPSP that was attributable to residual response to the first pulse (see . Paired-pulse group data. (EPSP 2)/(EPSP 1) (for both initial slopes, and peaks) measured for each interval, comparing the 2 pathways. Bottom: data in which the 2nd EPSP measurements were made from subtracted traces like those shown in Fig. 7 , E and F. The two pathways are significantly different for all measures ( / P õ 0.05; // P õ 0.01; /// P õ 0.001). Line denotes ratio of 1. Bars represent means { SE (n Å 26), and significant deviation from a mean of 1 is indicated by asterisks (*P õ 0.05; **P õ 0.01; ***P õ 0.001).
ODS for details). We then measured the peak amplitudes and slopes of the second EPSP from these subtracted traces and divided these values by the first EPSP values to determine the subtracted P-P ratios. Examples of subtracted traces together with the 200 ms ISI average traces that were subtracted from them are shown in Fig. 8 , bottom. As predicted by the slope ratios, the positive modulation of P-P peak ratios of intrinsic responses was eliminated by the subtraction (Fig.  9C) . As further evidence in favor of temporal summation, the subtraction did also not reveal a significant facilitation of the slope, as shown in Fig. 9D . THALAMIC PATHWAY. Responses to paired thalamic afferent stimulation were significantly different from intrinsic pathway responses in a number of ways. DLM-elicited EPSPs also displayed P-P peak ratios significantly ú1.0 at the 50-and 100 ms ISIs but not at 200 ms. Example traces for each interval are shown in Fig. 8B , along with an EPSP 1 versus EPSP 2 plot from the same neuron (Fig. 8D) ; group data are shown in Fig. 9A . The P-P slope ratios, however, showed strong PPD, largest at the 50 ms ISI and decreasing with longer intervals (Fig. 9B) . Statistically significant PPD of responses to DLM inputs occurred in 20 of 25 cells ( Table  2) . PPD of the responses to DLM inputs was not simply caused by a loss of driving force due to residual voltage, as the P-P slope ratio was not correlated with the V m at the second pulse (R 2 Å 0.004, R 2 Å 0.0004, R 2 Å 0.018 for the 50, 100, and 200 ms intervals, respectively). The DLM P-P slope ratios were also uncorrelated with the peak amplitude of the first pulse (R 2 Å 0.0011, R 2 Å 0.03305, R 2 Å 0.0072 for the 50, 100, and 200 ms ISIs, respectively). The discrepancy between the peak and slope ratios suggested that temporal summation masked an underlying PPD of the responses to DLM inputs. Consistent with this, subtracted DLM P-P peak ratios revealed significant depression (example trace in Fig. 8F ; group data in Fig. 9C ). Furthermore, subtraction did not reverse the depression of the slope ratios, as shown in Fig. 9D . sured in terms of both peaks and slopes (Fig. 9) . Summation of responses to intrinsic inputs was larger and longer lasting than that of responses to DLM inputs, despite the smaller ties and were grouped into three classes based on their firing peak amplitude of intrinsic EPSPs (2.2 vs. 3.5 mV, P õ behavior. Inputs from DLM afferents and intrinsic synapses, 0.002).
although both glutamatergic, differed in a number of ways. To examine the contribution of NMDARs to the temporal The responses to intrinsic inputs possessed a relatively dynamics of LMAN membrane responses to synaptic stimu-greater NMDAR-mediated component than the responses to lation, we also performed P-P experiments in the presence thalamic inputs. Moreover, although both responses were of APV. The results showed that blockade of NMDARs had characterized by temporal summation in response to paired differential effects on the temporal properties of the two stimuli, the temporal summation of responses to intrinsic types of responses. Although APV significantly reduced tem-inputs was greater, and it was significantly reduced by APV. poral summation of the responses to intrinsic inputs, it had Finally, the two responses were distinguished further by the no significant effect on the DLM P-P ratios. Figure 10 , A occurrence of consistent PPD in responses to DLM inputs, and B, shows group data for the effect of APV on temporal whereas the intrinsic inputs showed no consistent short-term summation, and Fig. 10 , C and D, shows the effect of APV synaptic plasticity. on the temporal summation of both types of responses in a single cell. This experiment also provided further evidence Intrinsic properties that the DLM PPD was not simply due to loss of driving force: despite the fact that APV reduced the membrane voltThe LMAN neurons recorded here from birds aged 18-25 age at the time of the second pulse, it did not change the days had passive intrinsic properties that appeared immature P-P slope ratios. APV also had no significant effect on the compared with LMAN neurons of both adults and of birds intrinsic P-P slope ratios (data not shown).
aged 27-51 days (Livingston and Mooney 1997) . Instead, their properties were more similar to those described in im-D I S C U S S I O N mature neurons in mammalian neocortex: their resting potentials were high, their R i 's were large and their t's were long In this study, the intrinsic properties of LMAN neurons in the early sensory phase of learning were determined, and (Burgard and Hablitz 1993; McCormick and Prince 1987) .
In addition, most LMAN neurons in our study generated a two sources of excitatory input to these cells were established. The neurons had immature passive membrane proper-continuously adapting spike train in response to suprathresh-J888-7 / 9k28$$my03 04-16-98 07:53:49 neupa LP-Neurophys old current injections; we have called these adapting type I show that LMAN neurons receive significant excitatory andof these neurons likely contribute to the long duration of in cat visual cortex (Stratford et al. 1996) , where that arrangement is proposed to underlie context-dependent reboth responses, as seen in immature rat neocortical neurons (Burgard and Hablitz 1993) , and may exaggerate a differ-sponse modification and extraction of signals from noisy input (Douglas et al. 1995) , and in the somatosensory cortex ence in decay times. Second, there may be greater activation of excitatory polysynaptic circuitry by intrinsic inputs. DLM of rodents . Furthermore, short-term synaptic plasticity and slow synaptic events could serve to make inputs may generate less polysynaptic excitation if they induce more polysynaptic inhibition or if they project to a LMAN neurons sensitive to the temporal patterning of thalamic input activity, thereby enabling LMAN to transform more circumscribed set of excitatory LMAN neurons relative to intrinsic projections. Such a restriction of the DLM projec-time-varying information from its inputs into the temporally selective output properties of individual neurons. Such a tion could reflect either the in vivo situation or could be an artifact of our slice preparation. Finally, the presence of transformation has been demonstrated to occur in hippocampal neurons in vitro (Buonomano et al. 1997 ). significant PPD only in DLM-evoked EPSPs also could account for the differences in temporal summation between the two pathways. The fact that temporal summation of re-Possible functional roles for NMDAR's in LMAN during sponses to intrinsic inputs, and not of responses to DLM learning inputs, is APV-sensitive lends further support to our conclusion that responses to intrinsic inputs are more NMDAR Previous studies have suggested the importance of NMDARs in juvenile LMAN, and our in vitro data now dependent. This result, together with the basic difference in temporal summation, also raises the further possibility that allow clearer predictions of the possible contribution of these receptors to LMAN function. NMDARs are expressed at the two excitatory synapse types on LMAN neurons express NMDARs with differing subunit compositions, with the in-very high levels in juvenile LMAN, declining to low levels by the end of song learning ( Fig. 1) Carrillo and Doupe 1995). As NMDAR levels decline, three other phenomena are also occurring in LMAN: projection Most DLM-evoked responses showed considerable PPD. Among significantly depressed EPSPs, the average reduction neuron dendritic spines are being eliminated ( Fig. 1) (Nixdorf-Bergweiler et al. 1995b) , the DLM afferents are rewas Ç40%, similar to the PPD of excitatory synapses seen in cultured mammalian hippocampal cells (Forsythe and gressing (Johnson and Bottjer 1992) , and single-unit auditory responses are becoming selective (Doupe 1997; Solis Clements 1990). This was strikingly different from the responses to intrinsic inputs, which on average showed no and Doupe 1997). The coincidence of these phenomena suggests that NMDAR-dependent long-term plasticity phenom-P-P modulation, although a minority of responses to intrinsic inputs showed facilitation or depression.
ena, such as those studied in mammalian systems (Bear and Malenka 1994; Crair and Malenka 1995; Dudek and PPD of responses to DLM inputs is likely mediated via a presynaptic mechanism, because the one candidate post-Friedlander 1996; Kirkwood et al. 1995; Linden 1994; Scanziani et al. 1996) , may play a role in selective synapse synaptic mechanism, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor desensitization, is in-retention and/or elimination in LMAN. Such synaptic modifications could contribute to the experience-dependent develconsistent with the long time course of the PPD that we observe (Trussell et al. 1993) . Several known presynaptic opment of selectivity in LMAN (see Doupe 1998 for review). Because birds are undergoing sensory learning during mechanisms are potentially consistent, including: synaptic vesicle depletion due to a high probability of release (see this time, Basham and colleagues tested the functional importance of NMDARs in song learning (Basham et al. Zucker 1989 for review), modulatory presynaptic feedback (Davies and Collingridge 1993; Forsythe and Clements 1996) . These experiments demonstrated that intact NMDAR function in LMAN during exposure to tutor song is required 1990; Isaacson et al. 1993; Lambert and Wilson 1994; Redman and Silinsky 1994) , and frequency-dependent action for normal tutor song learning to occur. That study did not determine, however, whether adult LMAN selectivity was potential conduction failure (Hatt and Smith 1976; Luscher et al. 1994) . The long time course of PPD of DLM-evoked abnormal in APV-treated birds nor whether neuronal morphology was immature. Thus the connection between selecresponses is consistent with a presynaptic feedback mechanism, and future experiments may establish whether such a tivity, morphology and NMDAR-dependent processes remains to be tested directly. Moreover, our data suggest that, mechanism is present at DLM afferent synapses.
Regardless of mechanism, PPD of DLM input synapses rather than simply subserving plasticity within LMAN, an essential function of LMAN NMDARs involves basic neuis likely to limit the time course of responses to high-frequency burst stimulation, thereby providing input specific ronal processing, such as amplifying DLM input or prolonging LMAN responses. For example, if activation of gain control, as proposed in other systems (Abbott et al. 1997; Tsodyks and Markram 1997) . On a shorter time scale, LMAN intrinsic circuitry is needed for repetitive DLMdriven responses to reach threshold, blockade of NMDARs the pharmacology of DLM synapses may limit the time course of single responses. The temporal processing differ-in LMAN may simply eliminate much of the output of the nucleus rather than selectively blocking plasticity; such a ences between the two excitatory inputs to LMAN suggest that activation of intrinsic circuitry could prolong LMAN situation has been described previously in mammalian visual cortex (Fox et al. 1989; Miller et al. 1989) . Basic processing responses to thalamic activation and amplify or selectively potentiate particular DLM inputs during repetitive stimula-functions of NMDARs could play an important role in shaping the level or timing of LMAN output. In other patterntion. An analogous arrangement of depressing thalamic input synapses and nondepressing intrinsic excitatory inputs exists generating systems such as the lamprey spinal cord and the 
